A method of surface temperature measurement by infrared thermography in a lubricated contact has been developed. The capabilities of the camera are examined. The analysis, which needs the determination of global radiometric coefficients and leads to radiometric equations is presented. The calibration of emissivity and transmittivity coefficients of the involved materials is reported. The validity of the method is tested and discussed.
Introduction
T global coefficient of transmission T temperature I'; coefficient of emissivity p coefficient of reflectivity The temperature in the interface of a lubricated contact is an important parameter since it is dependent on friction losses and it controls the lubricant viscosity and the thermoelastic distortions of the surfaces. The experimental determination of the field of temperature in the interface gives data which are very useful to validate numerical mOdels. Infrared thermography is the best technique to determine face temperature without contact on rotating machine elements and to give temperature mapping of the scanned area, but few attempts have been made to introduce this measurement technique in lubrication and tribology [1] , [2] , [3] .
Features of the infrared camera
The infrared camera used in this study is the AGEMA 880 SW model. A 12° lens has been adapted to the camera through a setting ring in order to magnify the image of the scanned surface.
The nonlinear relation between the blackbody object temperature T (which emits a radiative power Mo measured by the detector) and the instrument read-out U, is given by the calibration function of the camera f[U,Mo(T)]=O. This function is used to determine the blackbody object temperature T for a known value of the read-out instrument U but also to calculate the output value U due to the radiative power Mo emitted by a blackbody at a known temperature T. The slit response function has been measured in laboratory conditions; for 98% of modulation the elementary angle of measurement is of 0.0058 radian, that correspond to 29 points of measurement by scanned line. In the conditions of the experiments the noise equivalent temperature difference has been established; it is less than 0.12°C for temperatures greater than 20°C.
Radiometric analysis

Description of the model
The studied lubricated contact is shown in figure 1 . It consists of; -a rotating annular surface of a ring made of graphite, -a static plate of Calcium Fluoride applied against the rotor, -an oil film, whose thickness is of some micrometers, which separates the two surfaces of contact. The sliding speed is parallel to plane of contact.
The infrared radiation emitted by the carbon surface is transmitted to the camera in a direction perpendicular to the interface' through three semi-transparent media; the oil film, the Calcium Fluoride plate and the atmosphere.
Global coefficients of the semi-transparent media
The analysis is based on the following assumptions: -there is no diffusivity, -the media are isotropic, -fhe absorption coefficient and the temperature are constant along the thickness. The emissivity and the transmittivity of the semi-transparent media are dependent on the spectral band of the camera. The mathematical integration of these coefficients is complex, and in this study they have been experimentally calibrated as it is explained in the following section.
The reflectivity P j , j and the transmittivity 1: j , j of the dioptre formed by the interface between the two semi-transparent media i and i are given by;
where nj,nj,kj,kj; are the complex index of refraction of the media [4] , [5] .
(1) Figure 2 shows a semi-transparent medium � limited by two dioptres on the interface between the media 1 and � and � and �. Taking into account the effects of the internal transmittivity and of the multiple reflections on the interfaces [6] , global coefficients of transmission and of reflection are found as follows:
,31:2 It must be noted that in the opposite direction the coefficients are;
1-PI,2P2,31:2
Considering the radiant intensity emitted by an elementary surface in both positive and negative direction ( figure 3 ) and combining the effects of the internal transmittivity and of the multiple reflections on the dioptres, the resultant radiant intensity on the boundary of the medium is in the positive direction;
where Lo ( T 2) is the radiant intensity in the spectral band of the camera of the blackbody at the medium temperature. By integration in the half-space the radiative power emitted by the medium is;
M + cT 2) = E ;Mo ( T 2) (6) where Mo ( T 2) is the radiative power emitted by the blackbody at the temperature T 2 , and the global emissivity coefficient of the semi-transparent medium is;
It must be noted that in the opposite direction the emission coefficient is;
Remark -The Kirchhoff law is verified;
Ei + Ri + Ti = 1 , E i + Ri + T{ = 1 (9) and when PI,2 = P2,3 the results obtained by Mac Mahon [4] are found.
Radiative equations.
Two main cases are useful for the present study.
3.3.1. An opaque body � with two semi-transparent media 1 and � (figure 4).
In this case the radiative power emitted in the direction of the camera is expressed by:
where M O i is the radiative power emitted by the blackbody at the temperature of the medium i and the coefficient R i and E i are respectively given by the relations (3) and (8)-. 
Calibration of the radiative coefficients of the materials
The emissivity and the transmittivity of the materials have to be determined in the spectral band of the camera and under the incident angles encountered under the experimental conditions. Equivalent radiative coefficients can be indirectly measured by means of: -the infrared camera, -auxiliary devices specially designed in order to reproduce the experimental conditions, -the radiometric equations corresponding to the calibrations conditions. These equivalent coefficients are only valuable in the tested particular conditions and for measurements carried out with the unchanged camera.
Atmosphere and environment
The camera is placed at a distance of about 0.8m from the object and the transmittivity of the atmosphere may be considered as equal to 1.
Th' 3 scanned area is isolated from eventual disruptive sources of radiation by black screem; at the ambient temperature. The radiative power emitted by the environment is suppos3d to be the one of the blackbody at the ambient temperature.
Dioptres
In the range of temperatures encountered (20°C to 100°C) the index of refraction of the semi-transparent media remain constant and the reflectivities are:
-for the interface air/Calcium Fluoride p = 0.028 -for the interface Calcium Fluoride/oil p = 0.0008
Calcium Fluoride
The emissivity of this material does not depend on the direction [7] . In the spectral band of the camera, its internal transmittivity does not vary with the temperature between 20°C to 100°C [7] , [8] and it is equal to 0.94 for a stator thickness of 12mm [9] .
Graphite
The auxiliary device used is composed of a sample of graphite of known temperature to which a ',"Irget of emissivity equal to 0.99 is attached. The radiometric equation corresponds to the simpie case of an opaque body radiating in the atmosphere. It is found that the emitted radiant intensity is practically independent of the direction for an incident angle less than 60° and that the emissivity remains close to 0.89 in the range of temperatures between 20°C to 100°C.
Oil
In3 first device the oil is placed in a thermostatic container of hemispheric shape in such a manner that the depth of the oil is not dependent on the incident angle of measurement. It is verified that the emitted radiant intensity does not depend on the direction until an incidence angle of 60°.
. In a second device the oil is placed in a graphite container formed by four concentric cavities whose depths are decreasing step by step ,from 0.13 to 0.025mm. The internal transmittivity of the oil is obtained from the equation (10) where the media 1, �, � are respectively the atmosphere, the oil and the graphite. In addition; -the temperature and the emissivity of the graphite container are known, -the oil film is very thin and its temperature is supposed to be equal to the one of the bottom surface of the container.
For example the oil transmittivity t2 is found to be comprised between 1. and 0.91 in the temperature range 20°C-100°C for a thickness equal to 0.025 mm.
Validity of the method
In order to test the proposed assumptions and to verify the measurements of the radiative coefficients, a device has been constructed which reproduces the experimental conditions ( figure 6 ). This case corresponds to the equation (11) where:
-the Calcium Fluoride temperature is measured by means of a target of known emissivity attached to its surface, the temperature is supposed to be constant along the thickness of the plate, -graphite and oil temperatures are equal and measured by using a thermocouple, -the film thickness is fixed at a value of 0.1 mm by a calibrated support, -the radiative coefficients are those previously measured.
Infrared camera measurements of the graphite surface temperature were carried out in both transient and steady state regime. The relative difference of the thermocouple and camera results are less than 1.5% for values of the temperature from 75°C to 100°C.
By attributing deliberately erroneous values to the parameters, the influence of these errors on the measurements can be shown. The parameters for which an inaccuracy is less consequent are:
-the temperature of the Calcium Fluoride because its transmittivity does not vary with the temperature, -the temperature of the ambient medium because the radiative power emitted is small and it is attenuated by the factor R; .
The parameters for which an inaccuracy has a large effect are: -the values of the refraction index of the media, -the transmittivity and reflectivity of the graphite; a variation of 5% of its emissivity leads to a relative variation of 1 % of the measured temperature, -the thickness and the transmittivity of the oil; the assumption of a transparent oil film leads to an over estimated temperature with a relative inaccuracy of about 2%.
Conclusions
In a preliminary study [3] an approximate method was based on assumptions of a perfectly transparent oil film and Calcium Fluoride stator. In addition the determination of the graphite emissivity was not accurate enough. Influences of the parameters which have been pointed out in the present study permit the conclusion that the previous temperature measurements were over-estimated of about 5%.
The method which has been analyzed in this paper was applied to mechanical face seals but the technique may be adapted to other types of hydrodynamically lubricated contacts such as those of bearings and thrust bearings. 
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